Metrology in chemical analysis
Metrology lies at the foundation of any measurement. Metrology in physics has been a mature science for a long time, and metrology of chemical measurements (metrology in chemistry, MiC) as a discipline is also approaching maturity. The main concepts have now been firmly established [1] , and the tools-certified reference materials (CRMs) and interlaboratory comparisons (ILCs)-are available in increasing diversity. There are guidance materials (extensive sets of guidance materials on MiC are available from Eurachem at http://www.eurachem.org/ and from Nordtest at http://www. nordtest.info/), textbooks [2] [3] [4] , training courses [5, 6] and even university study programmes [7] [8] [9] addressing MiC or some of its subtopics. Also, when it comes to practical application by laboratories involved in routine analysis, the situation has improved a great deal during the last decade. Nevertheless, challenges still remain as evidenced by, for example, discrepancies between the results of participants in ILCs [10] [11] [12] . The aim of this contribution is to review briefly why this is so and give some guidance on the most important MiC activities for any laboratory.
The difficulties in applying metrological concepts in chemistry originate largely from the following:
1. In chemical analysis the analyte is typically determined in the presence of (often numerous) other substances in the sample, many of them at higher (often by orders of magnitude) concentrations than the analyte. Many of them can, in principle, contribute to the analytical signal, leading to higher results (sometimes they can lead to lower results, e.g. matrix effects in liquid chromatographyelectrospray ionization mass spectrometry [13] ). Thus, there is the problem of limited selectivity: the question therefore is often not BHow accurately can one measure the analytical signal?^but rather BHow can one ensure that the signal is wholly due to the analyte and does not include a contribution from some interferent(s)?^ [14] . 2. To achieve sufficient selectivity, most analytical methods involve one or more separation steps (e.g. extraction, precipitation, chromatography). Although these steps are quite successful in removing interferents, they often (mostly) also remove some of the analyte, leading to lower results.
As can be seen, the main problems (i.e. the main uncertainty contributions) in a chemical measurement usually come not from the measurement technique itself but rather from the object under investigation (see, e.g., [15] for examples in spectrophotometry).
In this complex situation, what should a routine laboratory do? The author has attempted to formulate some simple and pragmatic advice below. It is largely based on the author's experience of collaboration with such laboratories. What is described below is by no means Bthe full story^, but is rather a starting point. It assumes that the methods used in a laboratory are, with reasonable probability, fit for purpose (which is usually the case).
Compare your values with reference values Comparing your results for a sample with an independent reference value for the same (or identical) sample is useful for confirming that your results have acceptable trueness and that the measurement uncertainty estimate is adequate (or at least suitable for obtaining data for measurement uncertainty evaluation). However, such a comparison has an additional benefit: good agreement between your result and the reference value also indicates that the selectivity of your analytical method (procedure) is probably adequate and that the robustness is good. The result of such a comparison can, depending on its intended further use, be expressed in different ways, e.g. as a zeta or E n score [16] or as a bias [17] .
There are several ways of Brealizing^a reference value, all of which have different levels of reliability. The guidance below should therefore be considered in the broadest possible sense.
Perhaps the most obvious approach is analysing CRMs using the analytical method established in your laboratory. The reference values carried by CRMs are highly reliable. To be useful, the certified analyte or analytes of the CRM have to be the same as those required in the target sample(s) and the matrix, and concentration range or ranges of the analyte(s) in the CRM have to be similar to what is commonly encountered in your laboratory. The main obstacle that frequently emerges is that there is no CRM available for the required analytematrix-concentration combination. CRMs may be unavailable because the analyte-matrix combination is not common or because the analyte (e.g. dissolved oxygen, peroxides) and/ or the matrix is unstable.
In the case of many analyte-matrix combinations, satisfactory reference values can be achieved by spiking or preparing in-house reference materials (laboratory reference materials). The main prerequisite is that the matrix has to allow homogenization of the spiked analyte content.
CRMs may be unavailable for a particular analyte-matrixconcentration combination, and the preparation of laboratory reference materials can be difficult (e.g. if the matrix is solid and highly inhomogeneous). In such cases, nevertheless, ILCs may be available. In contrast to CRMs, ILC samples need not be stable for extended periods, which means that ILCs can also be undertaken with less stable analytes. Most of the ILCs in which commercial laboratories participate are the so-called proficiency tests, and instead of metrological reference values, they use consensus values based on the participants' results, which are generally of lower reliability. However, comparison with proficiency test consensus values is still much better than no comparison at all. Participation in ILCs is, of course, highly recommended (in fact mandatory), even if suitable CRMs exist. When no suitable ILC is available, one can be organized by the participating laboratories themselves. Although it cannot be considered a rigorous ILC, even as few as two or three laboratories analysing a few split samples and comparing results is much better than no comparison at all.
Obviously, to compare two analytical results obtained for the same sample (or identical samples), the results must refer to the same measurand.
Collect data over long periods Repeated measurements are essential when precision or trueness (e.g. using a CRM as described above) is evaluated. Replicate measurements performed within a single day allow the repeatability, s r , to be obtained, whereas replicate measurements over a longer period can be used to determine intermediate precision, s RW (also known as within-laboratory reproducibility [17] ). Although both of these characteristics have their uses, intermediate precision is certainly more useful, as it takes into account a (much) larger number of effects influencing the measurement result (uncertainty sources) for one particular parameter. This is because many effects that are systematic within 1 day (and are thus not accounted for by s r ) become random over a longer period and are accounted for by s RW [18] . This also means that if it is correctly determined, s RW >s r . The longer the period, the greater the number of effects that are included in s RW , and consequently the more adequate and useful this characteristic becomes.
When s RW is evaluated, then it is often asked, BHow many data points do we need for a reliable s RW estimate?^. In fact an even more important question is BHow much time should be used?^. The answer is the more the better: s RW found from eight values collected over 8 months (one per month) more adequately characterizes the method than s RW from 16 values collected on 16 consecutive days. It is, of course, a necessary prerequisite that the sample that is analysed is homogeneous enough and is stable during the period used.
When trueness/bias is evaluated using a CRM, then again, rather than making four replicate measurements (the amount of CRM in a container is often low and it may be impossible to make many more replicate measurements) in 1 day, one should make the measurements over a period of several weeks (or a couple of months), and then the average value obtained should be compared with the reference value or used for bias calculation. It is, of course, again important to be sure that the CRM is stable over that period.
The intermediate precision and bias determined can be conveniently used by the practical and Bsafe^within-laboratory validation approach of measurement uncertainty estimation, perhaps best known by the formalization published by Nordtest [17] . The word Bsafe^here means that this uncertainty estimation approach tends to lead to somewhat overestimated rather than underestimated measurement uncertainties.
BDo not stop there^People from routine laboratories often ask questions similar to the following: BHow long should the period be for determining intermediate precision?^, BShould I determine parameter X with all my analyte-matrix combinations?^, BHow many different CRMs should I use for estimating the average bias of my method?^. These questions are difficult to answer in an Babsolute^way. If rigorous answers are given, then the probability is high that the laboratory will find that it should not use the method because so much more needs to be done to meet the ultimate requirements. In the opinion of the author, the best answer is this: when you implement a new method, you can start with a limited objective, but you must not stop there, and you should add new data on a regular basis. So, an s RW value obtained from data collected over 4 weeks cannot be considered sufficient (preferably data collected over 1 year should be used [17] ), and just one CRM for evaluation of bias is generally not enough. However, these data can be documented and used as a first approximation, and a first measurement uncertainty estimate can already be obtained. As time goes by, s RW can be recalculated on the basis of longer time intervals, bias can be estimated using several reference values and the measurement uncertainty estimate can be recalculated accordingly.
In conclusion: constant improvement is the key to reliable analytical results.
